It has long been known that leaf senescence can be induced in many plant species by detaching leaves and placing them in the darkness. It recently has been shown that entire Arabidopsis plants placed in the darkness are not induced to senesce, as judged by visible yellowing and certain molecular markers. Here, we show that when individual Arabidopsis leaves are darkened, but not when entire plants are darkened, senescence is induced in the covered leaves. This induction of senescence is highly localized. The phenomenon is leaf age dependent in that it occurs more rapidly and strongly in older leaves than in younger ones, as is the case with many forms of induced senescence. Whole adult plants placed in darkness, in contrast, show delayed senescence, although seedlings lacking primary leaves do not. These observations imply that the light status of the entire plant affects the senescence of individual leaves. A model summarizing the results is presented.
It has long been known that leaf senescence can be induced in many plant species by detaching leaves and placing them in the darkness. It recently has been shown that entire Arabidopsis plants placed in the darkness are not induced to senesce, as judged by visible yellowing and certain molecular markers. Here, we show that when individual Arabidopsis leaves are darkened, but not when entire plants are darkened, senescence is induced in the covered leaves. This induction of senescence is highly localized. The phenomenon is leaf age dependent in that it occurs more rapidly and strongly in older leaves than in younger ones, as is the case with many forms of induced senescence. Whole adult plants placed in darkness, in contrast, show delayed senescence, although seedlings lacking primary leaves do not. These observations imply that the light status of the entire plant affects the senescence of individual leaves. A model summarizing the results is presented.
Leaf senescence is an active process regulated by exogenous and endogenous factors. An important exogenous factor is light. The interplay between light and senescence is complex, and many reports have been published describing both its senescenceinhibiting and -promoting qualities. The latter mostly have been reported in the context of relatively high light levels, and interpreted as the reactions of photosynthesis metabolically "aging" a leaf, and indirectly inducing its senescence (Biswal and Biswal, 1984; Noodén et al., 1996) . Darkness is more commonly considered to be an inducer of senescence. Most of the work on darkness-induced senescence has been done on either detached adult leaves or the attached cotyledons or primary leaves of seedlings, however, which raises the question of the relationship of these results to the arguably more ecologically relevant system of shaded attached adult leaves. In fact, it has been shown in Arabidopsis that, by certain parameters, adult attached leaves are not induced to senesce when whole plants are placed in the darkness, although detached leaves are (Weaver et al., 1998) .
Here, we show that in Arabidopsis leaf senescence is not induced but is in fact inhibited when whole plants are placed in the darkness, whereas in contrast it is strongly accelerated when individual leaves are darkened while the rest of the plant remains in the light. These results demonstrate that the light status of the rest of the plant influences the senescence progression of the individual leaf.
RESULTS

Senescence Is Induced When Individual Leaves Are Darkened, But Not When Whole Plants Are Darkened
Whole Arabidopsis plants in their pots were placed in the darkness, or individual leaves were covered with cloth "mittens" (see "Materials and Methods"). Treatments were continued for either 2 or 5 d (control plants remained in continuous light) and all plants were harvested on the same day (d 0 in Fig. 1A ). Consistent with previous results (Weaver et al., 1998) , placing whole plants in the darkness did not induce senescence by most parameters measured: No visible yellowing occurred (Fig. 1B, d 0 samples; although treated leaves appeared pale relative to controls), the chlorophyll a/b-binding proteins (CAB) were not degraded (Fig. 1C) , and SAG12 transcript, which is believed to be a good marker of senescence (Lohman et al., 1994; Weaver et al., 1998) , was not induced (Fig. 1C) . Total chlorophyll and protein levels did decline as a result of the treatment (although in younger leaves declines were slight at 2 d), but not as strongly as when individual leaves were covered (Fig. 1C) . The mRNA levels of BCB, a senescenceassociated gene also known to be induced by dark- (Van Gysel et al., 1993; Lohman et al., 1994; Weaver et al., 1998) and used here as a positive control for the dark treatment, did increase (Fig. 1C) . The plants in general appeared as if they had largely ceased development in the darkness.
In contrast to the whole-plant dark treatment, senescence was in fact induced by all measured parameters when individual leaves were darkened. After 2 d, visible yellowing was observed (Fig. 1B, d 0 samples), total chlorophyll and protein levels had declined significantly (Fig. 1C) , and SAG12 expression was induced (Fig. 1C) . These effects were observed in both older and younger leaves. They were more pronounced in the older ones, however, indicating that, as with other inducers of senescence (e.g. ethylene; Grbic and Bleecker, 1995) , endogenous factors (i.e. age) remain important in mediating the competence of the leaf to respond.
To address whether the senescence was in fact induced by the darkness itself, and not by some artifact of the experimental design, three controls were done. First, individual leaves were covered with mittens and then the whole plants were placed in the darkness. The covered leaves in this case behaved as uncovered leaves in darkness; i.e. the covered leaves were not induced to senesce (data not shown). This indicates that the mittens themselves do not induce senescence. A second possibility is that covered leaves have reduced stomatal conductance, and that it is reduced transpiration rather than darkness that is actually inducing senescence. To address this issue, leaves were covered with petroleum jelly on both adaxial and abaxial surfaces, a treatment that presumably eliminates transpiration. Figure 1E shows that 5 d after petroleum jelly covering, no visible yellowing was induced relative to controls (inset), and that, despite the covering, yellowing ultimately did occur at a rate similar to controls (8-and 11-d time points). This suggests that reduced transpiration does not induce senescence in this experimental system. Finally, leaves were covered not with cloth mittens but with small boxes made of either black or clear x-ray film. Leaves covered with black boxes were induced to yellow, whereas leaves covered with clear boxes were not (Fig. 1F) . Thus, the only difference between the two treatments is likely to be the light received, which indicates that it is in fact darkness causing the senescence. After the dark treatments (d 0 in Fig. 1A ), plants/ leaves that were not harvested were returned to the light, and harvested 3 d later to assay recovery (d 3 in Fig. 1A ). Figure 1B (d 3 samples) shows representative leaves at this second harvest. Individually covered leaves did not recover when returned to the light, and in fact senesced further. Leaves from darkened plants, in contrast, appeared less senescent than individually darkened leaves and even less senescent than control leaves that had never seen darkness. This indicates that, rather than inducing senescence, whole-plant darkness actually delays it. Figure 1D compares total chlorophyll and protein levels at d 0 and 3 in leaf 7 (most formerly covered leaves 5 were dead, dry, and not harvested). It indicates that total chlorophyll and protein levels are higher in leaves of darkened plants returned to the light than in either individually darkened leaves returned to the light or controls left in continuous light, and are highest in the plants that were darkened for longest. In the case of the 2-d time point, chlorophyll and protein continued to decline in the formerly darkened plants in an age-dependent fashion after return to the light, but more slowly than in non-darkened controls. In the case of the 5-d time point, chlorophyll and protein levels increased slightly after return to the light. Chlorophyll and protein levels in darkened leaves, in contrast, declined after return to the light at a rate greater than controls, with the greatest decline in the leaves darkened for the longest. The data are consistent with the notion that whole plants placed in the darkness show inhibited development, including progression to senescence, with the result that leaves from darkened plants are effectively "younger" than control leaves. Thus, the "youngest" leaves of all are those from plants in the dark the longest (recall that the plants put in the dark the longest were put in the dark when they were youngest because all were removed on the same date and at the same age; see Fig.  1A ). When individual leaves are darkened, in contrast, senescence is induced, and this induced senescence is not reversed after return to the light. In the experiment depicted in Figure 1 , A through D, plants were relatively young when they were first placed in the darkness (they had bolted, but had few or no siliques). To determine if older leaves would also show whole-plant, darkness-inhibited senescence, or perhaps even show a reversal of senescence already initiated, an experiment was done in which older plants (leaf 5 already showing early visible senescence at the onset of the experiment, and leaf 7 fully expanded but not visibly senescent) were transferred to the darkness at the same time and removed and harvested over a period of days ( Fig. 2A) . Control plants left in the light senesced as expected in an age-dependent fashion by all measured parameters: total protein and chlorophyll loss, loss of CAB protein, expression of SAG12 and SAG13 mRNAs, declines of chlorophyll a/b ratios in older leaves (Fig. 2 , B and C), and leaf yellowing (data not shown).
SAG13 is another molecular marker of senescence, known to be induced earlier in senescence than SAG12 (Lohman et al., 1994; Weaver et al., 1998) . In plants that were transferred to darkness, all or most of those symptoms of senescence also occurred, but more slowly. In older darkened plants, SAG12 mRNA was only expressed at significant levels by d 6, whereas in younger darkened plants it was still not evident by d 6 (Fig. 2) . In contrast, SAG12 expression became evident in older controls by d 2 and in younger controls by d 4. CAB protein behaved in an analogous, although opposite, manner: In older, darkened leaves, it remained present for 4 d longer than in non-darkened controls, whereas in younger A synchronously growing population of Arabidopsis was established, and when leaf 5 had begun to senesce but leaf 7 was still completely green, plants were transferred to the darkness (controls were left in the light). Plants were then harvested from both groups over a period of 6 d. B, Analysis of various parameters of senescence in "older leaves" (leaf 5). The upper graph shows both total chlorophyll levels (expressed as a percent of the level in the younger leaves at d 0; shown using bars), and chlorophyll a/b ratios (shown using lines). The lower graph shows total protein (also expressed as a percent of the level in the younger leaves at d 0). Blots shown are RNA or protein blots. SAG12 and SAG13 are both known senescence-associated genes, and SAG13 is known to be up-regulated during senescence earlier than SAG12. CAB is known to be associated with photosynthesis. C, As in B, but data shown are for "younger" leaves (leaf 7).
darkened leaves it continued to be present throughout the course of the experiment. These results are consistent with the notion that whole-plant darkness delays, but does not prevent, senescence. However, it should be noted that in the course of the experiment SAG12 and SAG13 expression in the older darkened leaves never attained the high levels present in the older non-darkened controls (Fig. 2B) , despite the fact that on the basis of appearance, total chlorophyll and protein levels, and CAB protein levels both were fully senescent by d 6. This might indicate that darkness inhibits certain aspects of senescence (such as SAG12 expression) more than others.
One difference between older and younger Arabidopsis plants is that older ones typically have many developing siliques, which act as sinks and in many species can induce leaf senescence. To investigate if the developing seed are responsible for the senescence that does continue to occur in older plants placed in the darkness, a similar experiment was conducted, in which flowering stalks (bolts) were removed before transfer to the darkness. The degree of inhibition of senescence appeared similar in those plants to controls in which the bolts were not removed, suggesting that sink effects do not play a large role in this phenomenon (data not shown). The removal of bolts may trigger other sinks, however (for instance, the release of lateral meristems), and so sink effects cannot be ruled out.
The "Individual Leaf" Darkness Response Is Localized
The above show that darkness delays senescence when delivered at the level of the whole plant, but promotes it when delivered at the level of the leaf. To examine if in the latter case the darkness is sensed at the level of the leaf or at a lower level (i.e. tissue or cellular), leaves were partially covered (with mittens with a hole punched in them). Yellowing occurred in all covered portions of the leaf but not beneath the hole (Fig. 3) , indicating that the senescence response is highly localized, and possibly cell autonomous. These results are consistent with the observation that senescence is sometimes visibly induced when a portion of a leaf is covered by another leaf (which is what suggested these experiments to begin with). These results are also consistent with those of Rousseaux et al., in which far-red light-induced chlorophyll loss is also shown to be very localized (Rousseaux et al., 1997).
Whole-Plant, Dark Inhibition of Senescence Is Not Observed in Cotyledons, Which Do Senesce in the Darkness, But Is Observed in Primary Leaves
Much work has been done in other species indicating that cotyledon senescence is induced, not repressed, when whole seedlings are placed in the darkness (e.g. Biswal and Biswal, 1984) . Because those results would appear to contradict ours, we also assayed the effects of darkness on the cotyledons of intact Arabidopsis seedlings placed in the darkness. An experiment was done in which individuals from a synchronously growing population of culturegrown seedlings were placed in the darkness at two separate times. At the first time (day Ϫ5 in Fig. 4A ; experiment "a") seedlings were at a stage when only cotyledons were present (i.e. visible primary leaves had yet to appear in most individuals). At the second time (d 3 in Fig. 4A ; experiment "b"), both cotyledons and the first two primary leaves were evident.
In the first experiment, in accord with what has been reported in other species, we observed senescence (assayed at the level of visible yellowing and chlorophyll loss) to be induced in cotyledons when whole seedlings were placed in the darkness (Fig. 4 , B a and C a1). This senescence was not reversed by a return to the light, but rather accelerated. By 3 d after return to the light, cotyledons were very yellow and both total chlorophyll and the chlorophyll a/b ratio had declined (Fig. 4, B a and C a2) , and within a few more days almost all the seedlings had died (Fig. 4B) . These results were similar to those obtained when individual adult leaves were darkened and then returned to the light (see Fig. 1, B and D) .
When older seedlings, comprising both cotyledons and primary leaves, were treated similarly, cotyledons appeared to respond similarly, yellowing as a result of the darkness and then further yellowing and ultimately dying upon return to the light (Fig. 4B b) . Primary leaves, however, behaved differently. The primary leaves, and the rest of the seedling, appeared etiolated upon removal from the darkness, but not yellow, and both resumed growth and development after return to the light. Figure 4C (b1) indicates that chlorophyll levels did drop considerably following the dark treatment (presumably at least in part because cotyledons were senescing) but then increased upon return to the light (Fig. 4C, b2 and b3) . Chlorophyll a/b ratios remained essentially constant throughout (Fig. 4C, b1-b3) . By the final time point, chlorophyll levels in both dark-treated plants and controls (neither of which any longer had cotyledons) were similar. The chlorophyll data for this experiment are similar to that obtained when whole plants were darkened and returned to the light (see Fig. 1D ), and are consistent with the notion that primary Senescence Is Induced in Darkened Leaves, But Not Whole Plants leaves, unlike cotyledons, are not induced to senesce by whole-plant darkness.
Covered Leaf Senescence Occurs in Various Photoreceptor Mutants
Previous work has appeared to implicate both phytochrome and/or blue light in darkness-induced senescence (Biswal and Biswal, 1984; Biswal and Choudhury, 1986; Guiamet et al., 1989; Rousseaux et al., 1996) , and for this reason covered-leaf senescence was examined in several light-sensing mutants, in an attempt to explore the genetic basis of the phenomenon. hy2 is a phytochrome chromophore mutant in which all phytochrome responses are severely attenuated (Koornneef et al., 1980; Parks and Quail, 1991) , and hy3 is a phytochrome B mutant (Koornneef et al., 1980; Somers et al., 1991 ). An hy2/hy3 double mutant line (which has no phytochrome B and low levels of all other phytochromes) was examined after 5 d of individual leaf or whole-plant darkness, at the levels of visible yellowing, total chlorophyll, and chlorophyll a/b ratios. It was observed to behave much like the wild-type control (Fig. 5 , and data not shown; leaves 4 and 5 were used as "older" and "younger" leaves, respectively, rather than leaves 5 and 7 as in the previous experiments, because the hy2/hy3 mutants flowered earlier and most plants developed only five leaves). In both mutant and wild-type plants, covering individual leaves resulted in a sharp drop in chlorophyll levels and visible yellowing, whereas covering whole plants produced a more mild drop in chlorophyll levels and no visible yellowing. Several other light-sensing mutants were also examined at the level of visible yellowing when individual leaves were covered for 5 d, including the phytochrome chromophore mutant hy1 (Koornneef et al., 1980; Davis et al., 1999) , the blue-light receptor mutant hy4 (cry1; Koornneef et al., 1980) , the light signal transduction mutant hy5 (Koornneef et al., 1980) , the blue-light receptor mutant fha (cry2; Koornneef et al., 1991) , and the double and triple mutants cry1/cry2, phya/phyb, and phya/phyb/phyd. In all cases, leaves that were covered visibly senesced as in wild type (data not shown).
DISCUSSION
That darkness can induce senescence has been known for many years, and many studies of this phenomenon have been published. In almost all instances, however, the studies were done in either detached leaves (e.g. Thimann and Satler, 1979; Biswal et al., 1983; Veirerskov, 1987) or intact seedlings (e.g. Wittenbach, 1977; Biswal et al., 1982; Blank and McKeon, 1991b ; for review, see Biswal and Biswal, 1984) . It has been shown previously that by several parameters senescence is also induced in detached Arabidopsis leaves in response to darkness Figure 5 . hy2/hy3 double mutants and wild-type (Ler) plants respond similarly to both individual leaf and whole-plant darkness. Experiments were performed similarly to those in Figure 1 (d 0 samples) , except that in this experiment the "older leaf" was leaf 4 and the "younger leaf" was leaf 5 (because in most instances the hy2/hy3 plants flowered after forming only five leaves). Whole plants or individual leaves were darkened for 5 d and then leaf 4 or 5 was excised from the plant for analysis. Controls were leaves 4 or 5 excised from age-matched, light-grown plants. Total chlorophyll levels were measured and normalized separately for the older and younger leaves and for each line such that the value of the control leaf was always 100%. Absolute chlorophyll levels of the hy2/hy3 plants were 80% of those of the Ler plants in the younger control leaf, and 63% of the Ler plants in the older control leaf. Relative total chlorophyll levels and chlorophyll a/b ratios are shown. (Oh et al., 1997; Weaver et al., 1998) . Little work, however, has been done in attached adult leaves, in Arabidopsis or other species, and the few related reports have been somewhat contradictory, at least in their conclusions. All reports with which we are familiar agree that the transfer of whole plants to darkness induces chlorophyll and/or protein loss in true leaves McKeon, 1991a, 1991b; Oh et al., 1996; Kleber-Janke and Krupinska, 1997; Weaver et al., 1998) , and all those in which reversibility was assayed agree that chlorophyll and protein losses could be reversed by returning plants to the light, at least within several days of the dark treatment McKeon, 1991a, 1991b; Kleber-Janke and Krupinska, 1997) . When the expression of various senescence-and photosynthesis-associated genes was examined in response to both whole-plant darkness and natural senescence, however, the results were more varied, with some genes responding similarly to both treatments and others responding very differently (Blank and Mckeon, 1991b; Oh et al., 1996; Kleber-Janke and Krupinska, 1997; Weaver et al., 1998) . Kleber-Janke and Krupinska (working in the primary leaves of barley seedlings) have interpreted this to mean that when whole plants are darkened a portion of the senescence program is induced, perhaps one corresponding to an early stage of senescence. We interpreted our results, in which we observed (in adult Arabidopsis leaves) that of 10 genes known to be induced during age-mediated senescence, only one-half were induced, and two were repressed, by whole-plant darkness, to mean that senescence is not induced during whole-plant darkness, and that genes that are induced during both may be primarily stress responsive (Weaver et al., 1998) .
We first became interested in the possibility that darkening individual leaves might induce senescence when we observed that in densely growing Arabidopsis populations areas of leaves covered by other leaves are occasionally induced to yellow. Covering individual Arabidopsis leaves with cloth "mittens" revealed that by the criteria of appearance, total chlorophyll and protein levels, decline of CAB protein, and increase of SAG12 mRNA, senescence was induced in the covered leaves. Senescence was induced in both older and younger leaves by this treatment, although more quickly and strongly in the older ones, indicating an age-mediated component to the response. When whole plants were darkened, in contrast, by all criteria except loss of total protein and chlorophyll (which still occurred less quickly and less strongly than with individual leaf darkness), senescence was not induced. Thus, the changes brought about when whole plants are darkened are qualitatively different from those induced by age alone, whereas those induced when individual leaves are darkened appear similar to those induced by age.
When the reversibility of the changes induced by the dark treatments was examined, it was observed that 3 d after a return to the light, leaves from darkened plants were less senescent than controls, and that plants darkened for the longest were least senescent. Individually darkened leaves, in contrast, were more senescent after return to the light than controls. It was also observed that light-grown plants transferred to darkness senesced less quickly than those that remained in the light. We conclude from these experiments that darkening entire plants does not simply fail to promote senescence, but contrary to previously published reports delays it. To our knowledge, this is the first report of darkness delaying senescence. One should note that it remains unclear whether this is a delay of senescence per se or a more general developmental arrest.
We also examined the effects of darkness on whole seedlings. We observed that cotyledons, in contrast to true leaves, do appear to senesce when whole seedlings are placed in the darkness, whereas primary leaves do not. This would imply that in cotyledons (in which much of the work on dark-induced senescence has been done), senescence is regulated differently than in true leaves. This differential effect may be explained by the fact that cotyledons serve as storage organs.
Darkness induces individually covered leaves to senesce, which means that light inhibits that senescence. Previous work has suggested directly or indirectly that phytochrome might be involved in this light-mediated inhibition of senescence. At least two groups have indicated that both continuous white light and pulses of red light are able to inhibit senescence in detached leaves, and that the red light effect is reversible by far-red light (Tucker, 1981; Biswal and Biswal, 1984; Biswal and Choudhury, 1986) . It was shown more recently that leaves of soybean (Guiamet et al., 1989) and sunflower (Rousseaux et al., 1996) senesced more quickly when the red:far-red ratio of the light they received was decreased, and that far-red light induces chlorophyll loss in tobacco leaves (Rousseaux et al., 1997) . It also has been shown that tobacco and overexpressing oat phytochrome A display both delayed leaf senescence (Cherry et al., 1991) and an inhibited response to the senescencepromoting effects of far-red light (Rousseaux et al., 1997) . We examined a hy2/hy3 phytochrome double mutant line, in which there is no phytochrome B and low levels of all other phytochromes (Parks and Quail, 1991; Somers et al., 1991) , and observed it to behave much like wild-type controls, after both whole-plant and individual leaf dark treatments. We also examined several other photosensing mutants, including those deficient in both the phytochrome and cryptochrome pathways, to determine if, at the level of visible yellowing at least, covering individual leaves induced senescence as in wild-type plants. In all the mutants examined that was the case. One should note, however, that if phytochrome is involved in inhibiting senescence it might not be surprising that covered leaf senescence would continue to occur in phytochrome mutants, and in some instances might occur more strongly. Our experiments were designed primarily to detect a loss of the phenomenon, however, and would not necessarily have detected a promotion of it, particularly if it were subtle.
Taken together, these results imply that darkness (or light) mediates two separate senescence-related responses, depending on the level at which it is perceived. A model summarizing this is presented in Figure 6 . In what might be regarded as the "default" response to darkness, senescence is induced in a localized, and possibly cell-autonomous, fashion. Age-mediated factors remain important, however, because older leaves respond more quickly and more strongly to darkness than younger ones, and dark and age thus can be viewed as separate, additive promoters of senescence. Superimposed over this default response is the ability of darkness, when experienced at the level of the entire plant, to delay not only the darkness-mediated senescence that would otherwise occur but also age-mediated (i.e. "natural") senescence. This extra layer of control is not observed, however, in detached leaves (in which there is no whole plant) or in cotyledons.
This work has not addressed the mechanisms of the promotion or inhibition of senescence. The fact that leaves senesce when individually darkened but not when the whole plant is darkened demonstrates that senescence of an individual leaf is controlled by the light status of the rest of the plant. This implies communication, which could be mediated either directly via light (e.g. photoreceptors directly initiating signal transduction pathways) or indirectly via photosynthesis and source-sink effects. Regardless of the mechanism, however, it seems clear that a leaf is able to senesce both with and without any contribution from the rest of plant (both when attached and detached), and in both the light and the darkness. Thus, whether or not leaves senesce varies with the level at which the darkness is perceived, and with the organs that perceive it.
MATERIALS AND METHODS
Plant Materials and Treatments
Seeds of Arabidopsis ecotype Landsberg erecta were originally obtained from the Arabidopsis Stock Center at Ohio State University (Columbus). Plants were grown on Fafard germination mix (Conrad Fafard Inc., Agawam, MA) under continuous cool-white fluorescent light (120 mol m 2 s Ϫ1 ) in growth chambers at 22°C. Under these conditions, plants flowered after forming approximately eight rosette leaves (cotyledons were not counted). Because the age of a leaf can affect its response to factors that influence senescence, plants were taken from synchronously growing populations and, with the exception of the seedling experiments, only identically aged leaves were pooled (e.g. the fifth and seventh true leaves were pooled separately). In most experiments, leaf 5 was used as an "older" leaf (beginning to visibly yellow in controls at the time of harvest) and leaf 7 was used as a "younger" leaf (fully expanded but showing no visible signs of senescence in controls; see Fig. 1B ). Plants at this stage had flowered and contained developing siliques. This stage corresponds to d 0 in both Figure 1A (in which the experiment was then nearly finished) and Figure 2A (in which the experiment was then just beginning). At d Ϫ5 in Figure 1A , plants had bolted but had few or no siliques.
For the whole-plant dark treatment, whole, soil-grown plants in their pots were placed in dark boxes in the same chambers in which they had initially been grown. For the individual leaf dark treatments, leaves were covered with cloth "mittens" as shown in Figure 3 (in most experiments the mittens did not have holes in them, however).
In the seedling experiments, plants were grown in culture on agar-solidified medium containing 0.65 g L Ϫ1 Peters Excel 15-5-15 fertilizer (Grace Sierra, Milpitas, CA). . A model diagramming the promoting/delaying effects of darkness on senescence. The "default" effect of darkness (sensed locally, possibly at the level of the cell) appears to be to promote senescence. Age is a separate promoter of senescence, which is additive with darkness (and sensed at the level of the leaf). Superimposed over this, and epistatic to it, is the ability of darkness, when given at the level of the whole plant, to repress both age-mediated and individual leaf-mediated senescence (possibly due to a general inhibition of development). The inhibitory pathway is not present in detached leaves or cotyledons, however. NS, Non-senescent leaves; S, senescent leaves.
RNA Extraction and Blotting
Total RNA was extracted using RNA Isolator (Genosys Biotechnologies, The Woodlands, TX). RNA was size fractionated by electrophoresis on 1% (v/v) formaldehydeagarose gels and transferred onto nylon membranes by capillary blotting. Fifteen micrograms of total RNA was loaded in each lane. Probes were 32 P-labeled by random priming (Prime-a-Gene kit, Promega Corporation, Madison, WI). Hybridization was done at 65°C overnight in 0.25 m NaH 2 PO 4 (pH 7.4), 7% (w/v) SDS, 1% (w/v) casein, and 1 mm EDTA, and membranes were washed two times for 45 min each in 0.04 m NaH 2 PO 4 (pH 7.2), 1% (w/v) SDS, and 1 mm EDTA. Probe hybridization was visualized with a phosphorimager using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). . Equal volumes of each sample (representing protein derived from equal volumes of leaf tissue) were electrophoresed on SDS-PAGE gels and electroblotted onto polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA). Immunodetection was performed as by Shanklin et al. (1987) . The CAB antibody is described by Sigrist and Staehelin (1992) , and recognizes the LHC2b family of proteins.
Immunoblotting
Total Protein and Chlorophyll Extraction and Quantitation
Single Arabidopsis leaf discs were frozen in liquid nitrogen, ground in 2.2 mL of 96% (v/v) ethanol, incubated at room temperature in the dark for 30 min, pelleted in a microcentrifuge, and the chlorophyll content of the supernatant quantified spectrophotometrically using the method of Wintermans and DeMots (1965) . The pellet was then rinsed once with 96% (v/v) ethanol, allowed to air dry, and resuspended in 60 L of 1% (w/v) SDS, 1% (v/v) NP40, and 25 mm Tris, pH 7.5, by vortexing and heating for 30Ј at 70°C. Protein was then quantified using the Bio-Rad DC Protein Assay kit according to the manufacturer's instructions (Bio-Rad Laboratories; protein for immunoblots was extracted differently, however, as described above). For each experimental condition, protein and chlorophyll concentrations were determined for three to eight independent leaf discs (from three-eight separate leaves) and the results averaged. Normalization was performed as described in the figure legends. Error bars show 1 sd. In the seedling experiments, seedlings were pooled and chlorophyll concentrations determined from an aliquot of the pooled tissue. Three replicate measurements were made for each pool and the results averaged.
